Abstract-Positive streamers need a source of free electrons ahead of them to propagate. Here we investigate a possible source of these electrons in high density media: field ionization. Zener's model is used to obtain the field ionization rate of free electrons from impurities. Including this effect, we simulate the inception of positive streamers in supercritical N 2 , in a needle-to-plane electrode geometry. Our 3-D particle simulation shows how the discharge branches into positive streamer channels around the electrode.
D
ISCHARGES in dense media have attracted significant attention, because of their relevance to applications in high-voltage insulation/switching and chemical engineering. Different mechanisms have been proposed that could explain how dense media become ionized, such as the existence of low density regions, electron impact ionization, electroninitiated Auger ionization, photoionization, field ionization, and electrostrictive effect [1] .
In this paper, we focus on positive streamer discharges in supercritical N 2 at 80 bar and 290 K. Characteristic of positive streamers is that they need a source of free electrons ahead of them to propagate. How these free electrons are generated in supercritical N 2 is still an open question. Here, we will consider the possibility of field ionization from impurities. Zener's model [2] of electron tunneling in solids is used to determine the field ionization rate, as was done in the previous studies of dielectric liquids [3] , [4] . The field ionization rate G I is given by
where q is the electronic charge, h is Planck's constant, and E is the electric field. We assume that a density n 0 = 10 23 m −3 of impurities is present (50 ppm), and that these impurities have a relatively low ionization energy of = 4.6 eV. Furthermore, we take a = 3 × 10 −10 m as the molecular separation distance and m * = 9.1 × 10 −31 kg as the effective electron mass. Further investigation into these parameters is required, especially since Zener's model was developed for solids with a crystal structure.
To investigate discharges with field ionization, we have performed simulations of the inception of positive streamers in a needle-to-plane gap in supercritical N 2 . The simulations were carried out with a 3-D electrostatic particle-in-cell code, in which ions are assumed to be immobile and electrons are modeled as particles. Electrons randomly collide with neutral molecules that are not directly simulated but assumed to be homogeneously distributed. We include electron impact ionization, excitations, and elastic collisions, using cross sections from the SIGLO database [5] . At every time step, the self-consistent electric field is calculated. Fig. 1(a) shows a schematic view of the computational domain. The distance from the needle tip to the plane electrode is 0.5 mm; the radius of the needle electrode tip is 1 μm; the voltage applied to the needle electrode is 10 kV and we neglect its rise time.
In Fig. 1(b) , we zoom in on the area around the electrode tip, where the positive streamer discharge forms on a picosecond time scale. At t = 0 ps, no free electrons exist in the domain. After a high voltage of 10 kV is applied to the needle electrode, free electrons and ions are dissociated from neutral molecules close to the needle electrode, due to field ionization. A bush-like streamer is first seen at t = 4 ps. This is similar to the formation of an inception cloud in atmospheric air [6] . However, in air, impact ionization and photoionization are the most important sources of free electrons, whereas in our simulations in N 2 field ionization is most important. Electrons move rapidly toward the positive electrode and leave positive ions behind. This charge separation enhances the electric field near the positive ions, enabling the discharge to move forward. After ∼8 ps filamentary streamers emerge, see Fig. 1(b) . Tree-like branches are observed eventually, as the positive streamers repel each other. The streamers propagate at ∼10 6 m/s and have an ionization density of ∼10 24 m −3 .
In conclusion, field ionization might be an important source of free electrons in supercritical N 2 . In our 3-D particle simulations, we observe both bush-like and tree-like streamers as were observed in experiments [7] .
0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 
